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Abstract
In this paper a controller and an management of production systems focusing on energy from renewable sources is presented. The
main result is optimize the energy extracted from renewable sources to and eﬀectively control the charging and discharging of the
battery. An algorithm based on fuzzy logic is developed to determine the degree of involvement of each source. Then we develop
the controls in power converters installed in the system to properly manage and respond to instructions from the management
algorithm. To validate this technique, simulation results are presented.
c© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of KES International.
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1. Introduction
Scarcity of energy resources, increasing power generation costs and ever-growing demand for energy need an
optimal economic dispatch in modern power systems. Optimal management of the combination of renewable energy
sources can be a supplement or an alternative to diesel generators commonly used to generate electricity in areas
not connected to the public grid. The major issue in energy management is to meet the energy needs of the load
eﬃciently, promoting renewable sources and optimizing cost. Several studies have been made to overcome these
problems by adjusting the size of the system or the degrees of implications of diﬀerent sources. There are several
studies in the literature for energy management [1][2][3][4]. They have a common goal: continually meet the needs of
the installation, ensure maximum use of the energy produced by renewable sources, minimizing the cost of the energy
produced by sources and minimize additional cycles of charging and discharging of the battery and superconducting
if they exist [5][6]. They have been made to the study of the diﬀerent design renewable sources to meet the load while
optimizing the cost of installation. For this, we must take into account the high cost of storage facilities and the nature
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of sunlight and wind speed, which greatly inﬂuences the quality of the power produced. We must therefore design
the photovoltaic panels, wind generators and batteries. So, it takes a good sizing photovoltaic panels, wind generators
and batteries. Borowy and al [7] proposed a method for optimal sizing of photovoltaic panels and batteries in a hybrid
system. The system is simulated for diﬀerent combinations and calculates the probability of loss of power generated
(LPSP). An alternative method for optimizing the sizing of a system PV/ wind turbine was proposed in the work of
Koutroulis et al [8].The optimization was done using genetic algorithms. For our study, we proposed to use the results
given by Wang et al [9] for the sizing of renewable energy and battery. The economic aspect is not well treated here,
but this system ensures a reliable supply of electricity.
2. Modeling and dimensioning of the diﬀerent parts of the system
The hybrid system considered here is designed to satisfy a low power load. The average hourly power demand for
our load. A wind generator rated power of 1kW is assumed in this work. The goal of the sizing here is to minimize
the diﬀerence between the power generated by renewable sources and the power required by the load over a period of
time T. The multi renewable energy sources can be either stand alone or connected to the public network. There are
diﬀerent topologies of autonomous hybrid networks [1].
In this work, we use a hybrid network architecture autonomously series feeding a DC bus with renewable sources
like: a photovoltaic generator, a wind turbine and additional sources such as batteries only. This simple structure
Fig. 1. Multi-source system architecture developed in this work
considered, provides continuous power to the load and allows good control cycles of charging and discharging of the
battery.
2.1. PV system
The photovoltaic generator transforms solar energy into electrical energy. It is realized by series connection and
parallel modules. In the literature [2], [8] and [9] the photovoltaic cell is often represented as a current generator
whose electrical behavior is equivalent to a current source shunted by a diode. The expression for the current Ip of a
photovoltaic module according to the output voltage Vp of the module is given by the following equation:
Ip = Isc[1 −C1(e(
Vp−V
C2Voc
) − 1)]+  I (1)
Where C1 and C2 are constants given by:
C1 =
(
1 − IMPP
ISC
)
e
( −VMPP
C2Voc
)
(2)
C2 =
(
VMPP
Voc
− 1
)
ln
(
1 − IMPPISC
) (3)
The I and V are given by the following equations:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
ΔT = T − Tre f
ΔI = α
(
L
Lre f
)
ΔT +
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L
Lre f
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ISC
ΔV = −βΔT − RsΔI
(4)
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α et β are the temperature coeﬃcients of the current and voltage respectively. L et Lre f are solar radiation and solar
radiation reference (W/m2), respectively. T et Tre f are respectively the temperature and the reference temperature of
the cell (◦C). ISC et IMPP are respectively the current and short-circuit peak power (A). Voc et VMPP are respectively
the current and short-circuit peak power (V). Rs is the series resistance (Ω).
2.2. DC/DC Buck converter
The DC/DC converter is present in all unidirectional renewable sources to ensure the extraction of maximum power
or regulate the power extracted if we do not try to work to the point of maximum power. Given that the voltage from
the solar panel is greater than the DC bus voltage, we propose to work with Buck converters. The schema of the Buck
converter associated with the PV is given by ﬁgure 2.
Fig. 2. Schematic of a Buck converter
The expression of the current I0 is given by the equation:
I0 = Iw + Ibat − Iload (5)
The model using the Buck converter is given by:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
dVpv
dt =
Ipv
C − U∗IlC
dIl
dt =
U∗Vpv
L − VDCL
dVDC
dt =
Il
CDC
+
I0
CDC
(6)
2.3. Wind turbine
The wind energy conversion system proposed here consists of a wind turbine, a synchronous machine permanent
magnets (PMSM), an AC / DC converter and a DC / DC converter (Buck). This structure is based on a three-phase
Fig. 3. Wind conversion system
diode bridge and a converter Buck to adapt the DC voltage rectiﬁed. The mechanical power extracted from the wind
is calculated by the following equation:
λ =
RΩt
v
(7)
where R is the radius of the wind turbine [m] and Ωt its rotation speed [rad/s].
The characteristic of the power coeﬃcient Cp depending on the speciﬁc speed λ. The model used in this work is
based on the paper [3] is given by the equation :
x˙ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
i˙q
i˙d
ω˙e
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√
i2q + i
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duw (8)
where id and iq are respectively the components homopolar, direct and quadrature three-phase currents from the Park
transformation, ωe is the electric angular velocity, rs and L are respectively the resistance and inductance of winding
per phase the stator, P is the number of poles of the MSAP, J is the moment of inertia of the rotary part, φsr is the ﬂux
produced by the stator currents, vDC is the DC bus voltage, uw is a simple function of the duty cycle of the converter
used (for this conﬁguration: uw = 1/δ ), iw is the current from the turbine and injected into the DC bus and Tm is the
mechanical torque produced by the turbine.
Tt =
Pm
ωe
(9)
2.4. Electrical storage system
2.4.1. Batteries
There are a wide variety of model batteries in the literature. In this work, we proposed a model to work with both
simple and characterizes the behavior of the battery with respect to charges and discharges. It is represented in Figure
4 The battery is considered as a source voltage that varies with their state of charge. This varies according to the
current of the battery. If it is positive (battery discharge) then the state will decrease and discharge if negative (battery
charging) then the charge will increase. [5] [6]
Fig. 4. Equivalent circuit diagram of a cell of the lead-acid battery
2.4.2. DC/DC bidirectional
The bidirectional converter controls the current ﬂowing in the both directions and allows in this case to regulate the
charging current or discharging of the battery to come to the needs of the load. The general scheme of the bidirectional
converter used in this work is given in Figure 5. The current I0 is here:
Fig. 5. The bidirectional converter Buck-Boost
I0 = IPV + IW − Ich (10)
The means model of bidirectional converter is given by:
{ dIl
dt =
Vbat∗U
L − VDCL
dVDC
dt =
Il
CDC
+
I0
CDC
(11)
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2.5. The DC bus
The coupling of two strings conversion, photovoltaic and wind, as well as storage batteries, is made through a DC
bus, as shown in Figure 6. Its state model is given by the following equation:
dVDC
dt
=
Ipv + Iw + Ibat − Ich
CDC
(12)
Fig. 6. Coupling of PV systems, wind and battery by the DC bus
3. The management algorithm and estimation of power for the multi-source system
One of the most important problems in the control of hybrid systems is the management of the involvement One
of the most important problems in the control of hybrid systems is the management of the involvement of diﬀerent
sources in the energy. Given the architecture of our system, the objectives of our managements reduce to: - maximum
use of the energy produced by renewable sources;
- meet the energy needs of the load;
- minimize the cycles of charging and discharging of the battery;
- avoid excessive charges or discharges the battery;
- avoid loading or discharging the battery beyond its current maximum charge or discharge.
For this, we proposed a management algorithm, based on fuzzy rules. The algorithm generates the degree of involve-
ment of diﬀerent sources to the energy needs of the load in the form of power. Knowing the desired bus voltage,
one can easily get the current references for each source control and it is the turn of the DC/DC converters to ensure
control of the currents of diﬀerent sources to the reference currents and at the same time maintain the DC bus voltage
to 24 V. The Takagi-Sugeno method is used in this work drawing on the work of [11]. The decision variables are:
⎧⎪⎪⎪⎨⎪⎪⎪⎩
e1 = Ppv max − Pload
e2 = Pre max − Pload
SOC
(13)
Their membership functions are given by the ﬁgures 7, Where:
[a] [b] [c]
Fig. 7. (a) Membership functions of the input variable e1 (b) Membership functions of the input variable e2 (c) Membership functions of the input
variable SOC
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• dPmax : The diﬀerence of maximum power that the battery can accept at the charge or discharge, corresponds
to :
dPmax = ImaxVDC
In this work, we consider a maximum current of 15A and the DC bus voltage must be regulated to 24V , which
gives : dPmax = 360W ;
• SOCmin is the minimum acceptable level for discharge of the battery, it is equal to 20% ;
• SOCmax is the maximum permissible load level for the battery, it is equal to 80%.
• NG : the diﬀerence of power is negative and large
• N : the diﬀerence of power is small and negative
• P : the diﬀerence of power is small and positive
• PG : the diﬀerence of power is positive and large
• char : the battery is charged
• dech : the battery is discharged
• norm : the battery is in normal operation
The fuzzy rules are presented in Table 1, they are chosen intuitively with the same structure as that of the algorithm
using the rules all-or-nothing and thereby meet the same objectives previously seen.
The input variables Output variables
e1 e2 SOC PPV PW Pbat
PG ou
P
/ Char Pload 0 0
PG / norm ou
dech
Pload +
Pmax
0 −Pmax
P PG norm ou
dech
PPV max Pload +
Pmax −
PPV max
−Pmax
P P norm ou
dech
PPV max PW max Pload −
PPV max−
PW max
N PG
ou G
char PPV max Pload −
PPV max
0
N PG norm ou
dech
PPV max Pload −
PPV max−
Pmax
−Pmax
N P norm ou
dech
PPV max PW max Pload −
Pre max
N N ou
NG
dech PPV max PW max 0
N N char ou
norm
PPV max PW max Pload −
Pre max
N NG char ou
norm
PPV max PW max Pmax
Table 1. Fuzzy rules for energy management
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4. Control of power converters
4.1. Control of the PV string
Modeling of the PV string is given in section 2.2. The control is designed to control the output current il of the Buck converter
connected to the photovoltaic source to a reference current Il re f is calculated through the algorithm of management. For this, we
used a sliding mode control, where the sliding surface was chosen so as to be in equilibrium:
Il  Ilre f (14)
For this, the sliding surface considered is as follows:
S = Il − Il re f (15)
Controlling the Buck converter must ensure the maintenance and the attractiveness and to the sliding surface. This is achieved by
having at any time:
S S˙ < 0 (16)
Deriving the equation (15) and combining with 6) :
S˙ =
U ∗ Vpv − VDC
L
(17)
To ensure the condition given by (16), we choose the control U so as to have:
S˙ = −Ksign(S ) (18)
with:
K > 0
sign(S ) =
{
1 si S ≥ 0
−1 si S < 0
By combining (17) and (18) :
U =
L
Vpv
[VDC
L
− Ksign(S )
]
(19)
This control will be applied to control the duty cycle of the converter connected to the photovoltaic source.
4.2. The control of wind turbine
Modeling of the wind turbine is given in section 2.3. Variable to control is the output current iw. Similarly, for this part, we
propose to work with a sliding mode control and the sliding surface is chosen so as to guarantee the convergence of iw to iwre f . The
current iwre f is calculated through the algorithm of management.
Considering the output vector:
h(x) = iwre f − iw = 0 (20)
The problem here is that the sliding surface depends on the control variable uw. To remedy this, it is assumed that the new system
increased control uw be considered as a state variable and its derivative w will be the new virtual control for the system. The system
is increased given by the equation:
x˙ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
i˙q
i˙d
ω˙e
u˙w
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
f1
f2
f3
f4
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ +
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
g1
g2
g3
g4
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦w =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
− rsL iq − ωeid + ωeφsrL − πvDCiq3√3L√i2q+i2d uw
− rsL id + ωeiq − πvDCid3√3L√i2q+i2d uw
P
2J
(
Tm − 32 P2 φsriq
)
0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0
0
0
1
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦w
iw =
π
2
√
3
√
i2q + i
2
duw (21)
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Consider the function energy generated from the sliding surface h(x) = 0 is given by:
V(x) =
h2(x)
2
(22)
Knowing that the system veriﬁes the transversality condition in its state space, the dynamic model can be written in the canonical
form passive [? ] as shown in the following equation:
x˙ = J(x)
∂h
∂x
+ Q(x)
∂h
∂x
+ g(x)w (23)
where J(x) and Q(x) are, respectively, symmetric and antisymmetric matrices. Their expressions are given by the following
equations:
J(x) =
[
f (x)gT (x) − g(x) f T (x)
]
2Lgh(x)
(24)
Q(x) =
[
f (x)gT (x) + g(x) f T (x)
]
2Lgh(x)
(25)
We decompose the matrix Q depending on the sign of its eigenvalues in the sum of a positive semi-deﬁnite matrix P and negative
semi-deﬁnite matrix N, we obtain:
x˙ = J(x)
∂h
∂x
+ P(x)
∂h
∂x
+ N(x)
∂h
∂x
+ g(x)w (26)
The sliding mode control of this system is given by the equation:
w =
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
w+ = −
[
∂h
∂xT
P(x) ∂h∂x
]
Lgh(x)
−
∂h
∂xT
Q(x) ∂h∂x
Lgh(x)
si h(x) ≥ 0
w− = −
[
∂h
∂xT
N(x) ∂h∂x
]
Lgh(x)
−
∂h
∂xT
Q(x) ∂h∂x
Lgh(x)
si h(x) < 0
(27)
4.3. The Control of the process of storage
The main role of the bidirectional converter is to control the charging or discharging of the battery (ﬁgure(5)) to either absorb
the excess power supplied by renewable sources or future needs of the load if the power is inadequate. This amounts to maintain a
voltage equal to the bus voltage reference VDC re f . We then deﬁne the equilibrium regime by:
Il  −I0
VDC  VDC re f
(28)
For this, we chose the sliding surface as follows:
S = k1(Il + I0) + k2(VDC − VDC re f ) (29)
With the sliding surface, we get better control of the bus voltage and we guarantee a better management of the power delivered to
the load.
By deriving the expression (29) and substituting by (11) :
S˙ = k1(
U ∗ Vbat − VDC
L
) + k2(
Il + I0
CDC
) (30)
Of (30), the control U which satisﬁes the condition attractiveness and invariance deﬁned by (16) and (18) is given by:
U =
L
k1 ∗ Vbat
[
k1 ∗ VDC
L
− k2
(
Il + I0
CDC
)]
− K.sign(S ) (31)
with:
K > 0
sign(S ) =
{
1 si S ≥ 0
−1 si S < 0
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5. Simulation results
In this section, there are some simulation results given by the management algorithm using fuzzy rules under diﬀerent weather
conditions. The curves of temperature, of sunlight and of wind speed are given in ﬁgure 8. We also used data from a summer day
[a] [b] [c]
Fig. 8. Climatic conditions of a typical day of winter (a) Temperature (b) Sunshine (c) Wind speed
see ﬁgure 9. Using fuzzy rules for the management, simulation results under the weather of summer and winter are given in ﬁgures
[a] [b] [c]
Fig. 9. Climatic conditions of a typical day of summer (a) Temperature(b) Sunshine (c) Wind speed
10 and 11 respectively.
Fig. 10. Simulation results using fuzzy rules under winter weather (a) The power produced by the solar panel and the maximum power (b) The
power produced by the wind turbine and the maximum power (c) The power required and consumed by the load (d) The state of charge of the
battery
We note from the simulation results that the objectives pursued by the management algorithm are well insured, ie the output is
equal to the power required by the load and the state of charge of the battery always between 20% and 80%.
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Fig. 11. Simulation results using fuzzy rules in summer weather (a) The power produced by the solar panel and the maximum power (b) The power
produced by the wind turbine and the maximum power (c) The power required and consumed by the load (d) The state of charge of the battery
6. CONCLUSIONS
In this work, we have developed an algorithm for intelligent control and management to ensure optimal operation of a hybrid
multi-source two renewable energy sources (solar and wind) and a storage source. We started with a presentation of state of the
art on renewable energy in the world and the interest of the management of this energy. We proposed a mathematical modeling
of various components of the hybrid system, namely the PV generator, wind turbine, batteries and power converters. We have
developed a management algorithm based on fuzzy rules. A very important part in this work is the control of power converters
for monitoring the instructions generated by the management algorithm. The commands used are based on the theory of sliding
mode. This work was concluded by simulation results who have been very satisfactory in terms of power generated, maximum use
of renewable resources and solicitation minimum battery state of charge and always between 20% and 80%.
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